Kinesin walks processively on microtubules (MTs) in an asymmetric hand-over-hand manner consuming one ATP molecule per 16-nm step. The individual contributions due to docking of the approximately 13-residue neck linker to the leading head (deemed to be the power stroke) and diffusion of the trailing head (TH) that contributes in propelling the motor by 16 nm have not been quantified. We use molecular simulations by creating a coarsegrained model of the MT-kinesin complex, which reproduces the measured stall force as well as the force required to dislodge the motor head from the MT, to show that nearly three-quarters of the step occurs by bidirectional stochastic motion of the TH. However, docking of the neck linker to the leading head constrains the extent of diffusion and minimizes the probability that kinesin takes side steps, implying that both the events are necessary in the motility of kinesin and for the maintenance of processivity. Surprisingly, we find that during a single step, the TH stochastically hops multiple times between the geometrically accessible neighboring sites on the MT before forming a stable interaction with the target binding site with correct orientation between the motor head and the α/β tubulin dimer.
D
irectional transport of intracellular vesicles along polar tracks [actin and microtubule (MT)] is carried out by a variety of molecular motors (1) . The crucial function is executed by the three families of motor proteins (myosin, kinesin, and dynein), many of which preferentially move toward a certain direction along a particular polar cytoskeletal track (2) . For example, kinesin-1 (Kin1) or conventional kinesin, pulls cargo toward the plus (+) end of the MT (2) (3) (4) . It is now firmly established, thanks to a number of high-precision experiments, that kinesin with two motor domains walks in a hand-over-hand manner (5) (6) (7) (8) , by consuming one ATP molecule per step (9) . Despite the small size of the motor domain, Kin1 is a powerful and fast motor, moving toward the (+) end of the MT, resisting forces up to 7 pN (10, 11) , which is larger than or equal to the stall forces of bigger motors (12, 13) , such as dynein (1-7 pN) and myosin (∼3 pN). Kin1 moves toward the (+) end processively at a speed of ∼800 nm/s (10), which is greater than both myosin V (∼400 nm/s) and dynein (∼100 nm/s) (14) .
A remarkable series of experimental studies (3, 6, (15) (16) (17) ) from a number of groups has revealed many of the details of the stepping mechanism of kinesin. Two mechanisms have been proposed to explain how kinesin converts chemical energy to mechanical work to walk toward the (+) end of the MT in a hand-over-hand manner. According to the "power stroke" model (8) , neck linker (NL) docking induced by ATP binding to the MT-bound leading head (LH) pulls the trailing head (TH) into the neighborhood of the target binding site (TBS) that is 16 nm away from the initial binding site (IBS). In this model, the NL with ∼13 residues connecting the motor domain to the coiled coil may be structurally analogous to the easily identifiable lever arm in myosin motors (2) . In contrast, the "Brownian ratchet" model (18) posits that ATP hydrolysis in the TH allows it to detach from the MT to initiate biased diffusional search toward the TBS.
Both models have experimental support. Experiments using single-molecule FRET (fluorescence resonance energy transfer) (19) and fluorescence anisotropy (20) show that the NL docks (power stroke) upon ATP binding to the LH, raising the possibility that the motility of kinesin arises predominately from the power stroke mechanism. An optical trap experiment (21) shows that a kinesin mutant, which lacks the cover strand (a major docking site of the NL), can still walk processively, but generates much less force. It can, therefore, be concluded that NL docking must contribute significantly to force generation. In all likelihood, both power stroke and diffusion are operative in the stepping of kinesin. Until recently (22) , the extent of diffusive motion of kinesin had not been reported in experiments (3) , although a number of observations support the importance of the Brownian ratchet model. First, the small size of even a fully stretched NL limits the potential physical displacement of the TH upon NL docking to the LH (3). Second, the temperature dependence of the stepping rates indicates an entropic nature of directional bias (18) that cannot be explained solely by the NL docking model. However, the observation that the mutant lacking cover strand walks processively indicates that kinesin could walk by a Brownian ratchet mechanism in the absence of external load.
The two mechanisms are not mutually exclusive (3, 23, 24) . Therefore, an unresolved question is: What fraction of the kinesin step is associated with power stroke and diffusion, respectively (3, 25) ? If a large fraction of the step is associated with power stroke, we expect the TH to move almost unidirectionally covering a majority of the 16 nm, and the bidirectional diffusion Significance Like all motors, the stepping of the two-headed conventional kinesin on the microtubule (MT) is facilitated by conformational changes in the motor domain upon ATP binding and hydrolysis. Numerous experiments have revealed that docking of the 13-residue neck linker (NL) to the motor domain of the leading head plays a critical role in propelling the trailing head toward the plus end of the microtubule by nearly 16 nm in a single step. Surprisingly, our molecular simulations reveal that nearly three-quarters of the step occur by stochastic diffusion of the trailing head. Docking of the NL restricts the extent of diffusion, thus forcing the motor to walk with overwhelming probability on a single protofilament of the MT.
could occur only within the neighborhood of the TBS. On the other hand, if a majority of the 16-nm step is covered by diffusion of the TH, we expect the motion of the TH to be bidirectional, and the extent of stochastic random walk of the TH to be large (>8 nm, half of the step size). However, if the kinesin step is largely diffusive, what keeps the motor on a single protofilament of the MT (26) (27) (28) , which contains multiple protofilaments?
To distinguish between the predictions of these two (extreme) models, the motion of the kinesin motor head has to be tracked at a microsecond temporal resolution. Despite spectacular advances in using microscopy methods (see, for example, ref. 22) to visualize the stepping kinetics of motors, the needed time resolution to unambiguously track the position of the stepping motor has not been reached. Numerous experiments, starting with the pioneering study by Block and coworkers (29) , which map the motion of the kinesin head (or the position of the load) at lower temporal resolution, show an apparently unidirectional step between the IBS (0 nm) and the TBS (16 nm). The mechanism of TH motion is "hidden" in the jump time (∼30 µs) between the waiting state, detachment of the TH, and subsequent attachment to the MT (both heads are bound to the MT) of kinesin. Unless experiments can track the molecular events in the motor head on shorter time scales (∼5-10 µs), one cannot unambiguously assess the interplay of power stroke (involving a structural change in the NL) and stochastic motion of the tethered head in resolving the 8-nm step of kinesin.
Given that a globular protein of the size of kinesin head with radius of gyration Rg ≈ 2 nm can diffuse 16 nm within
∼ 4 µs in a medium as viscous as cytoplasm, microsecond resolution may be needed to capture the potential importance of the stochastic bidirectional motion of the TH. However, due to difficulties in tracking kinesin experimentally at microsecond resolution (3), the importance of diffusivity of the kinesin step has been stressed (3, 18) but has not been quantified.
Here, we use Brownian dynamics of a coarse-grained (CG) model of the MT-kinesin (MT-Kin) complex to monitor the motion of kinesin during the 16-nm step at high temporal resolution (24) . Such models (30) have provided considerable insights into a variety of complex biological systems, as first illustrated by Hyeon and Onuchic (HO) (23) in the context of stepping of kinesin. Our simulations, which produce a physically realistic picture of how kinesin steps on MT, allow us to follow the motion of the TH and the NL of the LH separately at submicrosecond resolution by generating several hundred trajectories. We show that a substantial portion of the kinesin step occurs by a diffusive process. However, NL docking provides severe restrictions on the conformational space explored by the TH during the stochastic search for the TBS. Thus, a combination of NL docking and a diffusive search for the TBS (16 nm away) is needed for executing the movement of the TH predominantly toward the (+) end of the MT in the absence of an external resistive force.
Results
Our model, which mimics the typical single-molecule experimental setup closely, consists of the two heads bound to the MT in the resting state. Following our previous study (24) , we include three MT protofilaments, two motor heads, a coiled coil (length ≈ 30 nm) and a spherical cargo with 500-nm radius. The coiled coil is connected to the junction at which the two NLs, one from each motor domain, meet. The spherical cargo is attached to the ends of the coiled coil. To probe the possibility that the detached motor head could explore the binding sites on the neighboring protofilaments, we create a model (details in SI Appendix) containing 3 of the 13 MT protofilaments.
Two Energy Scales Determine Kinesin Motility. To ensure that the simulations are realistic, we first reproduce two important experimentally measured mechanical properties of the kinesin motor, the stall force (Fs ) (10, 11) and the force required to unbind TH from the MT (Fu ) (31) . We expect that Fs and Fu should depend on the two energy scales LH −NL h (the interaction strength between the NL and the LH) and TH −MT h (the interaction between the TH and the MT) (24) . Determination of the range of LH −NL h values that reproduces the measured Fs is needed for a realistic description of the NL-LH interaction, which largely determines the role of power stroke in facilitating the kinesin step. Furthermore, the model has to reproduce the measured value of Fu that depends on realistic modeling of the TH-MT interaction, which, in turn, affects not only the probability that Kin1 could take side steps, but also determines the final stages of motor head-MT recognition (24) . The two energy scales, needed to reproduce Fs and Fu , are independent. Residues participating in the LH-NL interaction are in the LH. In contrast, residues essential for TH-MT interaction are in the TH. In addition, our previous study (24) , we first perform a set of control simulations in which no external force is applied to kinesin (SI Appendix, Fig. S1B ) and then another set of simulations in the presence of a resistive force of 7 pN (SI Appendix, Fig. S1 A and B) . For each set, we measure the probability (P f ) that TH steps forward to the TBS, as well as the probability (P b ) that TH goes back to the IBS. Optical trap experiments (10, 11) indicate that, P f = P b at the stall force, Fs = 7 pN. Our simulations show that only for a narrow range of Fig. S1 B and C) . In a control simulation with F = 0, kinesin predominately moves forward (SI Appendix, Fig. S1 B and C) . In the rest of this work, we set , we can mimic both the weak and strong binding states that kinesin experiences during the reaction cycle. Because the exact timing and condition for ADP release, which strengthens the MT-Kin interaction, is still unknown, here we perform simulations under conditions that mimic both weak and strong binding.
Translation Motion of the TH Is Diffusive. A key finding in our simulations is that the search for the TBS is a predominately diffusive process, independent of our choice of
. We observe large-scale bidirectional diffusive motion of the TH throughout the 16-nm step. For example, four representative trajectories where TH completes the 16-nm step ( Fig. 1 A-D) , with varying first passage times, show that the center of mass of the TH fluctuates extensively (along the MT axis). The duration of such bidirectional diffusional search varies from < 10 µs (Fig. 1A) to > 100 µs (Fig. 1D) . Note that at t = 0, x TH (t = 0) = 0.9 nm, which is roughly the equilibrium value of x TH . At long times x TH = 15.7 nm. Thus, x TH (t) increases from t = 0 until stepping is completed.
The ensemble average of xTH (t) (Fig. 1E ) also shows that the TH spends a considerable amount of time undergoing stochastic motion, even as it is poised to reach the TBS. The average motion of the TH (along the MT axis, based on 92 trajectories) shows a fast and a slow phase. The fast phase, occurring within 1.1 µs, corresponds to the relaxation of the TH after detachment from the MT and the forward motion induced by NL docking in the LH. The slow phase, with an average time constant of 40.2 µs, corresponds to the diffusional search for the TBS. We find that the fast and slow phases are robust to choice of Fig. S3 ). The time constant for the slow phase does not significantly depend on
, as long as its value is in a range for stable binding of the TH to the MT. However, if
is too weak, the TH could spontaneously detach due to thermal fluctuation, and motor processivity would be lost. As TH −MT h decreases, the time constant corresponding to the slow phase could exceed 40.2 µs, an estimate based on a value of TH −MT h that reproduces the experimental unbinding force of 6-9 pN. From the additional simulations and the arguments given above, we conclude that for physically reasonable values of TH −MT h , the time constants are not greatly affected, allowing us to conclude strongly that temporally >95% of the kinesin step is associated with diffusion.
A close examination of a typical trajectory (Fig. 2 ) reveals that diffusion starts immediately after the TH detaches from the MT. Even when xTH reaches 10 nm at ∼1 µs, it subsequently decreases to ∼3 nm (Fig. 2E) . At a later time, the TH enters the neighborhood of the TBS at t ∼ 17 µs (Fig. 2B and arrow in Fig.  2F ), but again retreats to a position behind the MT-bound LH at ∼20 µs (Fig. 2E) . Additional evidence for diffusion outside the neighborhood of the TBS comes from the recording of dTH , the distance between the TH and the TBS, as a function of time ( Fig.  2 C and F) . It is also clear from Fig. 2F that the TH stochastically searches for the TBS upon detachment from the MT. The diffusive characteristics of the trajectory depicted in Fig. 2 is typical, and we find similar behavior in all of the other stepping trajectories as well (for example, the ones illustrated in Fig. 1 ). We surmise from the time-dependent changes in both xTH and dTH that the TH undergoes bidirectional diffusion not only within the neighborhood of the TBS, but also throughout the 16-nm step.
TH Undergoes Isotropic Rotational Diffusion. Time-dependent changes in xTH and dTH reveal only one facet of diffusive behavior of the TH during the kinesin step. The TH also undergoes rotational diffusion. We use θTH (Fig. 2B) to quantify the extent of rotation of the TH with respect to its center of mass. At t = 0, θTH ≈ 0
• (Fig. 2G) , implying that the TH is bound to the MT with the same orientation as observed in cryo-EM image of the MT-Kin complex ( e0 in Fig. 2A ). We assume that stepping is complete only after the TH achieves the same orientation in the TBS (θTH ≈ 0
• ). During the stepping process, θTH changes randomly between 0
• and 180 • (Fig. 2G ). In the representative trajectory shown in Fig. 2 , the TH is in the vicinity of the TBS at ∼17.5 µs. However, at this instant, the value of θTH is close to 70
• (Fig. 2G) , which implies that one of the principal axes of the TH that is initially parallel to the MT axis when the TH is bound to the MT (black arrow in Fig. 2A ) is almost perpendicular to the MT axis (black arrow in Fig. 2B ). Because of the incorrect orientation, the TH fails to bind to the TBS at 17 µs and diffuses away from the TBS. Only at t ∼ 26 µs does the TH achieve the correct orientation (∼ 0
• ; Fig. 2D ). The rotational motion of the TH is as important as translation, because kinesin head cannot bind to the MT and function with incorrect orientation (θTH = 0). It has been shown, by using alanine scanning, that all residues responsible for MT binding are located on one side of kinesin (32) . Furthermore, crystal structures of the intermediate states during Mg·ADP release and cryo-EM structure of the MT-Kin complex suggest that activation of kinesin requires multiple specific contacts with the MT (33). These results imply that stable binding between the TH and MT, as well as the function of kinesin, requires specific orientation between the motor head and the MT. To further demonstrate the importance of rotational diffusion of the TH, we calculate natt , the number of times the TH retreats from the TBS due to incorrect orientation (Fig. 2H) . In the trajectory shown in Fig. 2G , dTH transiently reaches ∼0 nm at ∼ 17 µs. However, it remains unbound, at t ∼ 20 µs because θTH = 0. The distribution of the number of such failed attempts (Fig. 2H) , based on 92 trajectories, shows that only in <5% of trajectories, the TH binds to the TBS with the correct orientation at the instant when dTH ≈ 0. Typically, the TH lands and unbinds ∼3-6 times before it can finish the 16-nm step that satisfies both the distance (dTH ≈0) and orientational (θTH ∼ 0
• ) criteria. This explains why in many trajectories the 16-nm step takes >30 µs to complete, even though the first passage times estimated based on translational diffusion coefficient and rotational diffusion coefficient (SI Appendix, Fig. S4 ) are only 3.0 and 4.0 µs, respectively. In other words, the first passage time is not the actual binding time (34) . We note here in passing that neither the translational nor the rotational diffusion depends strongly on Fig. S4 ). Our simulations show that a great deal of stochasticity is involved in achieving an interface between the TH and MT that satisfies both the distance and orientation criteria.
Because of the diffusive nature of the motion, once the TH leaves the TBS, it could take the TH >10 µs to return to the TBS (between 17 and 25 µs in Fig. 2G , for example). During this time interval, the TH may diffuse as far as 10-12 nm away from the TBS, as illustrated in the time-dependent change in d (t) after 17 µs in Fig. 2G . Together, our results show that search for the TBS involves both translational and rotational diffusion. Rotational diffusion of the TH is isotropic, but the anisotropic translation motion is greatly (in the absence of applied resistive force) biased toward the (+) end of the MT (24) , which, we show below, is achieved by the NL docking to the LH.
A Large Diffusion Length Quantifies Stochasticity. Our simulations allow us to quantify the fraction of the kinesin step associated with the power stroke and that due to tethered diffusion. Although such a quantification has been reported for myosin motors (35) in experiments, a similar parsing of the kinesin step is undocumented. We use hundreds of trajectories to measure the fraction associated with power stroke and diffusion. For each trajectory, we first identify the instant when the power stroke associates with NL docking is complete (Fig. 3A, Inset) . We calculate the diffusion length, x df , by measuring the upper and lower values of xTH that are reached after the completion of NL docking. For the trajectory in Fig. 3A , xTH fluctuates between 4 and 16 nm after NL docks, and therefore x df = 12 nm. The reason xTH does not fluctuate between 0 and 16 nm is that once NL docks to the LH, the limited length of the stretched TH NL prevents the TH from diffusing back to the IBS. Thus, the lower bound, 4 nm, corresponds to the fraction of 16 nm due to power stroke (xps ) in this trajectory. The distribution of xps , based on 100 trajectories, shows that, in general, the power stroke is responsible for 3-5 nm of the total 16-nm step (Fig. 3A) . Therefore, the diffusion length has to be in the range ∼11-13 nm in most of the trajectories for successful completion of a step.
Kinesin Hops Stochastically Between Multiple Geometrically Accessible Binding Sites on the MT. Does TH visit binding sites on neighboring protofilaments? This question is pertinent not only because the MT has multiple protofilaments, but also because of our finding that nearly three-quarters of the 16-nm step is associated with diffusion of the TH. We find that the TH not only visits neighboring protofilaments, but also hops repeatedly between the binding sites on neighboring protofilaments and the TBS. For example, in a single trajectory (Fig. 3B, Inset) , the TH first hops from the lower right binding site to the TBS, then diffuses from the TBS to the binding site below the site occupied by the LH. Subsequently, the TH revisits the lower right binding site, before finally being captured by the TBS. On average, TH hops two to three times within 30 µs (Fig. 3B) . The average hopping rate, calculated based on hundreds of such events, is ∼10 µs −1 . The results in Fig. 3B suggest that the TH may hop multiple times during a single kinesin step, depending on the affinity between ADP-bound TH and the MT. If the affinity is sufficient to trap the ADP-bound TH at a specific binding site, which requires the correct orientation of the motor head (most likely the TBS) with respect to the MT, the TH may only hop between the geometrically allowed sites on the neighboring protofilaments one to three times within a step. On the other hand, if none of the accessible binding sites can trap the ADP-bound TH, hopping of the TH may persist until ADP release occurs. Release of ADP strengthens MT-Kin interaction and hence would result in the cessation of the diffusional search and stochastic hopping. Given that the ADP release time (∼10 ms) is much slower than the average hopping time between binding sites (∼10 µs), it is likely that TH could potentially hop hundreds of times within a single step.
NL Docking Constrains Diffusion of the TH to Minimize Side Steps.
So far, we have provided four lines of evidence that support the diffusive nature of the kinesin step: (i) high-resolution recording of the translational and rotational motion of the TH (Fig.  2 A-G) , (ii) multiple attempts to bind to the TBS (Fig. 2H) , (iii) large diffusion length (Fig. 3A) , and (iv) stochastic hopping between binding sites (Fig. 3B) . These findings might give the erroneous impression that tethered diffusion alone could lead to a site 16 nm away on the same protofilament as the TBS, without NL docking playing a significant role. To explore if this is indeed the case, we perform a "mutation" simulation, in which NL docking is energetically unfavorable ( LH −NL h = 0). In this case, TH is more likely to visit binding sites on neighboring protofilaments besides the TBS (Fig. 4A) . Just as in wild-type (WT) simulations (where docking is favorable), we find that the TH stochastically hops between the accessible binding sites due to the diffusive nature of head motion in the mutant simulations. However, in the absence of NL docking, the probability of TH hopping to binding sites on the neighboring protofilaments of the MT is (Fig. 2) .
much larger than the probability of reaching the TBS. In contrast, in the WT simulations, the probability of TH reaching the side and IBSs is substantially less than finding the TBS. The NL docking essentially prevents the tethered head from reaching the IBS, implying that, unlike in myosin V (36), rear foot stomping does not occur. Thus, the restriction imposed by NL docking facilitates kinesin to reach the TBS, even though the movement of the TH after detachment from MT is stochastic.
NL docking also decreases the probability of TH visiting side binding sites because it constrains the sideways extension of the LH NL. Our previous study (24) showed that, in order for the TH to take a side step, not only the TH NL, but also the LH NL needed to extend sideways. If docking is not energetically favorable, LH NL can extend sideways freely (red bins in Fig. 4B ). However, the interaction between the catalytic core and the LH NL would limit the sideways extension of the LH NL if docking is energetically favorable (black bins in Fig. 4B ). This, in turn, will reduce the diffusion coefficient somewhat (SI Appendix, Fig. S5 ) and decrease the distribution width of the TH along the y axis (Fig. 4B) . Therefore, although NL docking contributes only 3-5 of 16 nm, it plays a crucial role in restricting the movement of kinesin on a single protofilament.
Dynamics of NL Docking and the Diffusing TH Are Uncorrelated. To illustrate how NL docking constrains the diffusion of the TH, we compare the displacement of the docking LH-NL and moving TH in a representative trajectory (SI Appendix, Fig. S2A ). Specifically, we show the motion of T338 (SI Appendix, Fig. S2B,  red) at the boundary between the coiled coil and the LH-NL (SI Appendix, Fig. S2A ), which docks upon ATP binding. In the same figure, we also plot the motion of the center of mass of the TH (SI Appendix, Fig. S2B, black) . Interestingly, the motion of the TH and the docking NL seems to be largely uncorrelated, except at the very early stages. At the instant when LH-NL reaches 5 nm (SI Appendix, Fig. S2B, first dot) , the TH has already traveled a distance ≥10 nm, indicating that the diffusing TH is ahead of the docking LH-NL. SI Appendix, Fig. S2B shows a plateau in the dynamics of T338, during which xT338 does not change, while xTH undergoes large changes. As xT338 fluctuates around 5 nm (SI Appendix, Fig. S2B , between the second and third dots), the xTH diffuses between 4 and 12 nm. The only correlation between xT338 and xTH seems to be that xT338 set a lower bound for xTH , meaning xTH rarely drops below the value of xT338 by more than ∼1 nm.
The lack of correlation between the time-dependent changes in xTH and xT338 is more apparent in a plot xTH as a function of xT338 (SI Appendix, Fig. S2C ). The dotted line corresponds to xTH = xT338. Any data point above (below) the dotted line indicates that TH is ahead of (behind) the docking LH-NL. We find that TH follows LH-NL up to 3 nm, after which the TH is predominately ahead of the LH-NL. At the end of the step, the TH moves ∼16 nm, while LH-NL moves only ∼8 nm. Thus, given that the TH is ahead of the docking NL during the major duration of the step, it is inaccurate to suggest that TH is pulled by NL docking toward the (+) end of the MT. The TH reaches the TBS at the (+) end through diffusion, with NL docking providing the needed restriction and bias for the TH to reach the TBS. The mutation simulations also allow us to test the hypothesis that NL has to dock to release the TH from the MT. If this hypothesis is correct, we expect that the TH would stay bound to the MT in the mutation simulations (Fig. 5B) . However, TH detaches from the MT (Fig. 5A ) within 5 µs (Fig. 5C ) in 79% of trajectories. Thus, the intramolecular strain within a two-head-bound state alone is sufficient to detach the TH. When the intramolecular strain is released by deleting the LH, the TH stays bound to the MT within our simulation window (50 µs) and can resist external force up to 3 pN. Therefore, NL docking in the LH is not necessary to release the ADP-bound TH from the MT.
Our observation is not inconsistent with the LH gating model (37, 38) . According to the model, ATP cannot bind to the LH until the TH detaches from the MT. In other words, intramolecular stain in the two-head-bound state inhibits ATP binding and thus NL docking to the LH. Therefore, the LH gating model predicts that TH detachment from the MT occurs before NL docking to the LH. This prediction is supported by our finding that TH detachment from the MT does not depend on docking of NL to the LH.
Discussion
We use simulations of a CG model with hydrodynamic interactions (HIs) of the entire MT-Kin complex to (i) quantify the contribution of NL docking and diffusion to the kinesin step and (ii) illustrate the mechanism by which kinesin avoids side steps. Our model, which is currently the only one to include the effects of MT explicitly, is calibrated to reproduce the experimentally measured stall force (10, 11, 39) dislodge the motor head from the MT (31, 40) (SI Appendix, Fig.  S1 ). Interestingly, these two energy scales suffice to capture all of the salient features of the kinesin step. Surprisingly, we find that nearly three-quarters of the 16-nm step involves an almost random search for the TBS by the TH (Figs. 1 and 3) . The time the TH spends in the stochastic search accounts for >95% of the duration for completing the 16-nm step (Fig. 1E) . However, to stay predominantly on the same protofilament of the MT, NL docking is necessary to constrain the diffusion of the TH, thus minimizing the probability of side steps (Fig. 4) .
Our simulations underscore the importance of large-scale diffusive motion within the kinesin step (Fig. 1) . One might argue that the stochasticity observed in the simulation is due to the simplicity of the self-organized polymer (SOP) model, which is based on short-ranged native contacts. The SOP model allows for fluctuations in the NL, before it becomes fully docked to the LH. So, could a simulation, where NL docking in the LH is triggered by less flexible Go-like model, produce a 16-nm step with decreased stochasticity? It is unlikely for two reasons. First, even assuming that the LH NL docks deterministically, TH NL, which is undocked and connects TH and LH, would introduce stochasticity due to the translation of the TH. At the same time, TH is free to rotate, regardless of the conformational state of the LH NL. Second, temporally NL docking accounts for <5% of the stepping time. Spatially, NL docking could pull TH toward the (+) end by 8 nm at most. The rest of the step has to occur through diffusion, which is independent of the dynamics of NL docking. It is also worth noting that HO have shown that the SOP model and the one including dihedral angle potentials in the Go-like model lead to qualitatively similar equilibrium properties, further justifying our used of the SOP model (supporting information in ref. 23 ). Thus, the physics of kinesin stepping illustrated here is not dependent on the apparent increase in the flexibility of the model.
It is difficult to capture the bidirectional motion of the kinesin motor domain by using only the current experimental techniques, due to the small size of the kinesin motor domain (41) (∼2 nm) and the transient nature of the 16-nm step (11) (∼30 µs). From a theoretical perspective, however, it seems natural to suggest that diffusion must play a key role in kinesin motility. The rate of diffusion (∼4 µs −1 , for 16 nm) is much faster than the rate of ATP turnover (∼1 ms −1 ). To experimentally test our prediction of the extent (∼12 nm) and duration (∼40 µs) of diffusion within the kinesin step, would require tracking the motion of the kinesin motor head by using optical trap (42) or FIONA (5) at approximately microsecond resolution.
In a recent experiment (22) , the motion of the unbound head was tracked at high temporal (≈ 55 µs) resolution by using darkfield microscopy. By tracking the position of a 40-nm gold particle connected to the motor head through a biotin-streptavidin construct, it was shown that the motion of the unbound head toward the TBS occurs by diffusion, in accord with our previous findings (24) . The large hydrodynamic drag due to the gold particle slows down the actual time scale for stepping, suggesting that the extent of diffusion could be even greater than hinted at by these insightful experiments. Even with this high temporal resolution, subtle aspects of search for the TBS, such as nearly unhindered rotation of the unbound head and multiple attempts to achieve correct orientation of the motor head with respect to the MT, as discovered here, will have to await future experiments involving labeling at multiple sites and higher temporal resolution.
The observation that NL docking is responsible for only ∼4 nm of the 16-nm step (Fig. 3A) shows that NL docking cannot directly pull the motor head to the next binding site. In this respect, NL docking in kinesin is different from lever arm rotation in myosin. This difference is also supported by experiments (28, 43) . If a step is largely due to the conformational change in a mechanical motif (such as docking of the NL or rotation of the lever arm) of a motor protein, then extension of the mechanical motif should lead to an increase of step size and motor speed. Indeed, the sliding velocity of the myosin motor increases linearly with the length of its lever arm (44) . In contrast, extending the NL by stiff helices or double-stranded DNA does not lead to any increase of kinesin speed (28, 43) . Therefore, NL docking and lever arm rotation must contribute to motor motility in different ways.
The finding that NL docking in the LH is not necessary for detachment of the TH (Fig. 5) is consistent with experiments (38, 45) . Using single-molecule FRET, Mori et al. showed that at low ATP concentrations, kinesin waits in a one-head-bound state (45) . Given that NL docking is triggered by ATP binding, this result suggests that the TH can detach spontaneously in the absence of NL docking. Further, using fluorescence polarization microscopy, Asenjo and Sosa provided evidence that the TH is mobile while kinesin waits for ATP (46) . Our findings support a recent experiment demonstrating that intramolecular strain generated by NL docking is not necessary to accelerate the detachment of the TH (38) . According to our simulations, intramolecular strain generated by the two-head-bound state alone could cause the detachment of the TH within 5 µs in most instances.
From our study, we infer a physically reasonable mechanism for avoiding side steps: NL docking limits the access to side binding sites and prevents rebinding to the initial site by constraining TH diffusion (Figs. 4 and 6 ). Such a mechanism has been proposed earlier in an important computational study (23) and simulation from our group (24) . Using a computational model based on the potential of mean force experienced by the TH, HO found that the probability of TH taking side steps depends on the rate of NL docking to the LH (23) . In accord with this finding based on equilibrium simulations, we show, using detailed stepping dynamics, that NL docking reduces the probability of side steps (24) . In the present study, we calibrate the energy scales associated with docking, by reproducing experimentally measured stall force. We find that docking occurs fast within 1.1 µs, which is <20 µs, the maximum docking time, estimated from Neck Linker Undocked Neck Linker Docked A B Fig. 6 . A model for how kinesin chooses its binding site. Schematics of binding sites accessible to the TH in the absence (A) and presence (B) of NL docking are shown. The circles illustrate the range of sites that are accessible to a free motor head. In A, the blue sites can be reached with significant probability if NL docking is disfavored. Upon NL docking to the LH, the most probable site to which the TH binds is the one that is along the same protofilament. In both cases, the search for various binding sites occurs by stochastic movement after the TH detaches from the MT.
the equilibrium simulations (23) , to avoid side steps. Therefore, despite differences in the simulation strategies, both studies show that NL docking reduces the probability of side steps.
However, could side steps be avoided by other mechanisms? For example, instead of limiting the access to side binding sites (Fig. 6B) , is it possible to prevent ADP release at these sites (sites within the blue circle in Fig. 6A )? Preferential ADP release is supported by previous experiments. ADP-kinesin affinity is lower when NL points toward the minus end of the MT (31, 40) , implying that the TH is more likely to release the bound ADP when it closer to the TBS than the IBS. However, the observation that the probability of side steps is >50% for a kinesin mutant with extended NL (28) suggests that TH can release ADP at accessible binding sites (blue dots in Fig. 6A ) other than the TBS. Therefore, to minimize the probability of taking side steps, it is necessary to limit the access of the TH to side binding sites by constraining TH diffusion (Fig. 6B) . One simple and elegant way that nature has solved this problem is by constraining the walk through NL docking.
Conclusions
Our results unify two seemingly distinct mechanisms in kinesin stepping, the NL docking model (8) and the Brownian ratchet model (18) . Furthermore, we also provide a structural explanation for how kinesin stays on a single MT protofilament. Our simulations show that kinesin takes the 16-nm step mainly through Brownian motion, with NL docking crucially constraining the Brownian motion of the kinesin motor head.
Materials and Methods
We perform simulations by creating a CG model of the MT-Kin complex (details in SI Appendix). Such models have proved to be efficacious in producing quantitative insights into the stepping kinetics of molecular motors (23, 30, (47) (48) (49) (50) . Additional details, including the creation of the MT-Kin complex with coiled coil and cargo based on the SOP model (51) (52) (53) , the determination of the two important parameters, and the simulation details are given in the SI Appendix. Remarkably, only two parameters are needed to quantitatively describe the stepping kinetics, with one accounting for the strength of the NL attachment to the LH and the other being the strength of the motor head-MT interaction.
We use Brownian dynamics with HIs to generate a large ensemble of stepping trajectories. It is important to point out that to observe completion of steps in an experimentally relevant time scale, HIs must be explicitly included (54) . Finally, we note that the use of CG model allows us to generate hundreds of trajectories for both the WT and in silico mutants, created by assigning zero gain in the energy due to ordering of the NL to the LH, so that conclusions with sufficient statistics can be drawn.
